An ultra-broadband graphene-gold film saturable absorber mirror (GG-SAM) with a spectral coverage exceeding 1300 nm is experimentally demonstrated for mode-locking of bulk solid-state lasers. Owing to the p-type doping effect caused by graphene-gold film interaction, the graphene on gold-film substrate shows a remarkably lower light absorption relative to pristine graphene, which is very helpful to achieve continuous-wave mode-locking in low-gain bulk lasers. Using the GG-SAM sample, stable mode-locking is realized in a Yb:YCOB bulk laser near 1 mm, a Tm:CLNGG bulk laser near 2 mm and a Cr:ZnSe bulk laser near 2.4 mm. The saturable absorption is characterised at an intermediate wavelength of 1.56 mm by pump-probe measurements. The as-fabricated GG-SAM with ultra-broad bandwidth, ultrafast recovery time, low absorption, and low cost has great potential as a universal saturable absorber mirror for mode-locking of various bulk lasers with unprecedented spectral coverage. U ltrashort pulse lasers have become important tools in scientific research, medical imaging, high-capacity communication, and industrial processing 1 . Passive mode-locking is the general and direct approach employed to generate ultrashort pulses. In passively mode-locked lasers, a saturable absorber is usually required to initiate and sustain mode-locking operation. Thus far, semiconductor saturable absorber mirrors (SESAMs) based on quantum wells have been widely used as passive mode-lockers in the near-infrared spectral region; however, SESAMs generally have a limited operational bandwidth and require a complicated fabrication process. Furthermore, SESAMs fabrication technique near and above 2 mm is a big challenge, which limits the development and applications of mid-infrared mode-locked lasers. In recent years, single-walled carbon nanotubes (SWCNTs) become a potential alternative as ultrafast saturable absorbers [2][3][4] [5] [6] [7] . The absorption bands of SWCNTs depend on their diameter and chirality; however, nanotubes with well-defined diameters and chirality are difficult to synthesise. Moreover, the available diameters and chirality of current SWCNTs cannot support operation beyond 2.1 mm 7, 8 . In addition, significant scattering losses due to the bundling and curling of nanotubes limit their applications 4 . Graphene, a single-atom-thin sheet of carbon with a honeycomb lattice, has attracted great interest since its discovery in 2004 because of its unique electronic, photonic, mechanical, and thermal characteristics as well as its extensive and exciting application prospects [9] [10] [11] [12] . Previous studies have indicated that pristine graphene has a universal linear optical absorption of 2.293% per layer in the visible-to-infrared spectral range and this absorption is independent of optical frequency [13] [14] [15] . Saturable absorption in graphene has been observed as a result of Pauli blocking of electron states 16 . Moreover, graphene has the additional advantages of ultrafast recovery time [17] [18] [19] [20] , low saturation energy fluence, large Kerr nonlinearity effect 21 , low cost, and easy fabrication. Compared to SESAMs and SWCNTs mentioned above, graphene has a zero band-gap and exhibits linear dispersion near Dirac point 22 ; thus, graphene saturable absorbers can theoretically operate over an ultrabroad spectral range covering in practice all known ultrashort pulse lasers 11, 16, [23] [24] [25] . However, graphene cannot be self-supported and it must be transferred onto optical substrate when used as saturable absorber, thus the real operation bandwidth of graphene saturable OPEN SUBJECT AREAS:
U ltrashort pulse lasers have become important tools in scientific research, medical imaging, high-capacity communication, and industrial processing 1 . Passive mode-locking is the general and direct approach employed to generate ultrashort pulses. In passively mode-locked lasers, a saturable absorber is usually required to initiate and sustain mode-locking operation. Thus far, semiconductor saturable absorber mirrors (SESAMs) based on quantum wells have been widely used as passive mode-lockers in the near-infrared spectral region; however, SESAMs generally have a limited operational bandwidth and require a complicated fabrication process. Furthermore, SESAMs fabrication technique near and above 2 mm is a big challenge, which limits the development and applications of mid-infrared mode-locked lasers. In recent years, single-walled carbon nanotubes (SWCNTs) become a potential alternative as ultrafast saturable absorbers [2] [3] [4] [5] [6] [7] . The absorption bands of SWCNTs depend on their diameter and chirality; however, nanotubes with well-defined diameters and chirality are difficult to synthesise. Moreover, the available diameters and chirality of current SWCNTs cannot support operation beyond 2.1 mm 7, 8 . In addition, significant scattering losses due to the bundling and curling of nanotubes limit their applications 4 . Graphene, a single-atom-thin sheet of carbon with a honeycomb lattice, has attracted great interest since its discovery in 2004 because of its unique electronic, photonic, mechanical, and thermal characteristics as well as its extensive and exciting application prospects [9] [10] [11] [12] . Previous studies have indicated that pristine graphene has a universal linear optical absorption of 2.293% per layer in the visible-to-infrared spectral range and this absorption is independent of optical frequency [13] [14] [15] . Saturable absorption in graphene has been observed as a result of Pauli blocking of electron states 16 . Moreover, graphene has the additional advantages of ultrafast recovery time [17] [18] [19] [20] , low saturation energy fluence, large Kerr nonlinearity effect 21 , low cost, and easy fabrication. Compared to SESAMs and SWCNTs mentioned above, graphene has a zero band-gap and exhibits linear dispersion near Dirac point 22 ; thus, graphene saturable absorbers can theoretically operate over an ultrabroad spectral range covering in practice all known ultrashort pulse lasers 11, 16, [23] [24] [25] . However, graphene cannot be self-supported and it must be transferred onto optical substrate when used as saturable absorber, thus the real operation bandwidth of graphene saturable absorber is usually limited by the bandwidth of the substrate. For example, at present the dielectric reflective films generally have a bandwidth of 100-300 nm, thus the graphene-dielectric-film-based saturable absorber can only have similar operation bandwidth [26] [27] [28] . So far, graphene mode-locking of fiber and bulk lasers has been reported by transferring graphene onto fiber end surface 16 , dielectric film mirrors [26] [27] [28] , and uncoated quartz mirrors [29] [30] [31] , in these cases graphene shows an intrinsic optical absorption of ,2.3% per layer. A round trip intracavity loss of 4.6% or even larger is not a problem for high-gain fiber lasers, but it is desirable to tailor and reduce the absorption loss for low-gain bulk lasers.
In this paper, we experimentally demonstrate a low-absorption, ultra-broadband graphene-gold film saturable absorber mirror (GG-SAM) with a spectral coverage exceeding 1300 nm. In the GG-SAM, the optical absorption of graphene is significantly reduced by p-type doping effect of gold film, and the ultra-broad operation bandwidth of GG-SAM is achieved benefitting from the ultra-broadband reflection of gold film. Using the same GG-SAM sample, we have achieved stable mode-locking of bulk lasers at wavelengths near 1, 2, and 2.4 mm, and experimentally demonstrated saturable absorption of the GG-SAM at 1.56 mm by pump-probe measurements. The asfabricated GG-SAM shows good potential as a wavelength-versatile saturable absorber for ultrafast bulk lasers at various wavelengths.
Results
Characteristics of GG-SAM. The structure of the GG-SAM is schematically shown in Figure 1a . The GG-SAM consists of a BK7 glass substrate, a gold film layer, and few layers of graphene. The 120-nm-thick gold film layer ensures high reflectivity from the near-to the far-infrared band. Graphene is grown on Cu foil by chemical vapour deposition (CVD) and then transferred onto the gold-film substrate. The graphene layer has a large area of ,1 cm 2 , which facilitates optical characterisation and laser applications. Figure 1b shows a photograph of the fabricated GG-SAM, where the graphene layer can be identified by the naked eye.
The reflectivity spectra of the GG-SAM and gold-film substrate are shown in Figure 2 . For comparison, the transmission spectrum of monolayer graphene on quartz substrate is also displayed in the same figure. Ultra-broadband absorption of the GG-SAM can be observed from ,800 nm to ,2200 nm. We observe only little deviation from the universal absorption of ,2.3% for graphene on quartz substrate at low photon energy, which may be caused by many-body effects 32, 33 . Compared to graphene on quartz substrate, the GG-SAM shows much lower optical absorption from near-infrared to mid-infrared, which indicates graphene-gold film interaction 32, 34, 35 . When graphene contacts with gold film, it is p-type doped by the gold film, which causes the Fermi level to shift downward from the Dirac point, thereby forming a band-gap in graphene 36, 37 , as shown in the inset of Figure 2 . The electrons in graphene behave as Dirac fermions 38 and follow the Fermi-Dirac distribution. Thus, at room temperature, the quantum states close to Fermi level are partly occupied by electrons. The electron population in the valence band far beyond the Fermi level for p-type doped graphene will be much lower than that in pristine graphene, which leads to the decreased absorption for the GG-SAM. It is worth noting that in the GG-SAM a polycrystalline gold film was used, and the p-type doping level is sensitive to the local surface structures of gold film and adsorption distance 39 , thus the amount of Fermi level shift will be different at different doping domains and shows a distribution across the GG-SAM. Some absorption still exists at 2 mm and beyond. While low non-saturable part of the absorption improves the overall laser performance, low saturable absorption part is advantageous for mode-locking of lowgain bulk lasers, helping to suppress the Q-switching instability 40 . Raman spectroscopy offers a fast, unambiguous, and effective means to characterize the structure of graphene 41 . It has been demonstrated that the number of graphene layer can be estimated by Raman spectrum 41, 42 . The recorded Raman spectrum of the GG-SAM excited by a 514-nm laser source is shown in Figure 3a . The Raman signal of graphene, which we obtained by subtracting the contribution of the gold-film substrate, is shown in Figure 3b . The two characteristic Raman peaks designated as G and 2D can be clearly observed. The G peak is located at ,1582 cm 21 with a full-width at half-maximum (FWHM) of approximately 24 cm
21
, and the 2D peak is at ,2689 cm 21 with a FWHM of approximately 55 cm
. The G and 2D peaks in Figure 3 are blue-shifted apparently relative to those in pristine graphene, in which G peak is at ,1580 cm 21 and 2D peak is at ,2680 cm 21 43 . The observed blue-shift suggests p-type doping effect in graphene 43, 44 . According to the Raman spectrum, the thickness of graphene on the GG-SAM is identified to be 2 layers 41, 42 . In addition, the D peak at ,1349 cm 21 is very weak in Figure 3 , which indicates low level of defects for the graphene on the gold-film substrate.
In order to investigate the ultrafast nonlinear optical characteristics of the GG-SAM, we performed pump-probe measurement. The laser source used for the pump-probe measurement was an Er-fiber femtosecond laser operating at 1.56 mm. The recorded pump-probe trace shown in Figure 4 , is fitted with a double-exponential kernel function. Saturable absorption in the GG-SAM can be clearly observed, with an ultrafast recovery time of ,180 fs related to electron-electron scattering and a slower component of ,1285 fs related to electron-hole recombination, electron-phonon interaction, and phonon bottleneck effect 20 . Pump-probe measurement result indicates that the GG-SAM has similar recovery time as pristine graphene at the same wavelength 31 , suggesting that the ultrafast carrier kinetics of graphene is not sensitive to doping effect.
GG-SAM mode-locked bulk lasers. To assess the mode-locking performance of the ultra-broadband GG-SAM, we performed mode-locking experiments at wavelengths of 1, 2, and 2.4 mm. The mode-locking results obtained for a Yb:YCOB bulk laser near 1 mm are shown in Figure 5 . With the GG-SAM as an end mirror, selfstarting steady-state mode-locking was achieved. The recorded autocorrelation trace indicates mode-locked pulse duration of 152 fs. The spectrum is centered at 1037 nm, with a FWHM bandwidth of 10.2 nm. The time-bandwidth product of the modelocked pulses was calculated to be approximately 0.43. The timebandwidth product is a bit large for sech 2 -shaped pulses but it was impossible to maintain the stable stationary regime by further reduction of the intracavity group-velocity dispersion aiming at shorter pulses. The radio-frequency (RF) spectra in Figure 5c-d show a high signal-to-noise ratio (,72 dBm) during mode-locking operation. In the experiment, we monitored the laser over two hours and it remained very stable, showing excellent mode-locking performance of the GG-SAM in the 1 mm spectral region.
Mode-locking experiments performed in a Tm:CLNGG bulk laser with the same GG-SAM sample indicated that self-starting steadystate mode-locking could also be achieved at 2010 nm. Figure 6a and 6b show the autocorrelation trace and the corresponding optical spectrum of the mode-locked pulses in this case. With a pulse duration (FWHM) of 354 fs and a spectral FWHM of 12.6 nm, the timebandwidth product is 0.33, which is very close to the Fourier limit. The obtained pulses are significantly shorter compared to SESAM and pristine graphene mode-locking under similar conditions 27, 45 , indicating excellent mode locking performance of the GG-SAM. The radio-frequency spectrum in Figure 6c shows a high signal-tonoise ratio of 68 dBm, without any sign of Q-switching instability. Also in this case mode-locking could be sustained over two hours without deterioration of the laser performance.
To test the mode-locking capability of the GG-SAM at longer midinfrared wavelength, we further performed a mode-locking experiment with the GG-SAM in a Cr:ZnSe bulk laser near 2.4 mm. Stable mode-locked pulses as short as 116 fs were obtained, as shown in Figure 7a . The mode-locked spectrum is centered at 2352 nm with a FWHM bandwidth of 50.2 nm (Figure 7b ), corresponding to a timebandwidth product of ,0.316. Figure 7c shows the radio-frequency spectrum of the mode locked laser indicating high stability. Limited by a slower response time (.3 ns) of the detector used, the RF spectrum shows a signal-to-noise ratio of about 50 dBm. We also conducted a wavelength tuning experiment in the mode-locked Cr:ZnSe laser. Benefitting from the broad bandwidth of the GG-SAM, a wide mode-locking tuning range of 116 nm from 2310 to 2426 nm was achieved, as shown in Figure 7d .
It is worth noting that graphene has a large Kerr nonlinear refractive index 21 , the gain modulation induced by Kerr lens effect may cause mode-locking of lasers. In the experiment, when the laser beam was removed out of the graphene region, no mode-locking signal was observed. Thus it is convinced that the mode-locking is caused by the GG-SAM. In order to check Kerr lens effect of the GG-SAM, we numerically simulated the saturation gain modulation induced by Kerr lens effect of the GG-SAM 46, 47 . The simulation results show that the gain modulation is about 0.1-0.2% for the three mode-locked lasers. Undoubtedly, Kerr-lens effect of the GG-SAM plays an important role in mode-locking of the lasers. Taking into account the saturable absorption of graphene, we believe that mode locking is the result of joint contribution of saturable absorption and Kerr lens effect of the GG-SAM. In the experiment, we also tried mode-locking by use of GG-SAM with monolayer, bilayer, and three-layer graphene. With monolayer graphene, it is difficult to initiate the mode locking. However, with bilayer or three-layer graphene, mode locking can be easily initiated, which implies that the modulation depth is larger with multiple-layer graphene.
Discussion
A low-absorption, ultra-broadband graphene-gold film saturable absorber mirror (GG-SAM) for mode-locking of bulk solid-state lasers has been experimentally demonstrated. In contrast to stateof-the-art commercial SESAMs, which have a limited operational bandwidth of ,100 nm, the GG-SAM has been successfully employed over a spectral range exceeding 1300 nm, as evidenced by stable mode-locking of a Yb:YCOB laser near 1 mm, a Tm:CLNGG laser near 2 mm and a Cr:ZnSe laser near 2.4 mm. Due to the ultra-broadband saturable absorption of graphene and ultra-broadband reflectivity of gold film, it is possible for the GG-SAM to operate at longer mid-infrared wavelength, at which SESAMs and SWCNTs are not available. In none of the lasers studied did we observe any signs of self mode-locking under identical con- ditions without the GG-SAM. We also show that the optical absorption of graphene in GG-SAM is significantly reduced due to p-type doping effect, which makes the GG-SAM more suitable for modelocking of low-gain bulk lasers. The developed GG-SAM with ultrabroad bandwidth, ultrafast recovery time, low absorption, and low cost has great potential as a universal saturable absorber for ultrafast bulk lasers at various wavelengths.
Methods
GG-SAM fabrication. Graphene flakes were synthesised on Cu foil at 1000uC via the CVD method using a gas mixture of methane and hydrogen. Subsequently, 5 at.% polymethylmethacrylate (PMMA) in chlorobenzene was spin-coated onto the graphene. The graphene-Cu substrate was then immersed in Marble's reagent solution for several hours until the Cu substrate was completely etched. After that, the PMMA-supported graphene film was washed in deionised water and transferred onto the gold-film substrate. After drying, the PMMA film on the graphene-gold film substrate was dissolved and removed with acetone solution. The fabricated graphenegold film substrate was characterised and used as saturable absorber mirror in laser experiments.
Mode-locking experiments. A schematic of the mode-locked laser at the wavelength of 1 mm is shown in Figure 8 . A standard X-folded cavity was employed, and the GG-SAM was installed as an end mirror of the cavity. The gain medium was a Yb:YCOB crystal pumped by a 980-nm single-emitter laser diode. A pair of SF10 prisms was used for dispersion compensation. The transmission of the output coupler at the laser wavelength was 2%. The cavity length was ,1.50 m, corresponding to a pulse repetition rate of ,99.9 MHz. The average output power of the Yb:YCOB modelocked laser was ,53 mW under an incident pump power of ,1.3 W. The relatively low optical-to-optical efficiency of ,4% was attributed to poor mode-matching between pump spot and laser mode.
The laser setups employed for mode-locking of Tm:CLNGG and Cr:ZnSe bulk lasers were very similar to that used for the Yb:YCOB laser. A pair of CaF 2 prisms was used to compensate for dispersion in the Tm:CLNGG and Cr:ZnSe lasers. For the mode-locked Tm:CLNGG laser, the transmission of the output coupler was 2%. Pumped by a 790-nm single-emitter laser diode, this laser emitted a maximum average output power of 97 mW under an incident pump power of ,2.1 W, and the average output power was much higher compared to the pristine graphene modelocked laser under similar conditions 27 . For the Cr:ZnSe laser, the employed output coupler had a transmission of 3%. Pumping with a home-made Er,Yb:fiber laser at 1.56 mm, the mode-locked Cr:ZnSe laser generated an average output power of ,66 mW under an incident pump power of ,4.6 W. The low laser efficiency was mainly due to poor optical quality of the available Cr:ZnSe crystal. The wavelength tuning experiment was conducted by inserting a slit near the output coupler. By adjusting the slit, the wavelength tuning could be realized in mode locking operation. Output power of the above mode-locked lasers was limited only in one case by damage of the GG-SAM -in the Tm:CLNGG laser we observed such damage at a pulse fluence of ,1.9 mJ/cm 
